A single-ply unidirectional IM7/8552 carbon fiber reinforced plastic composite with artificially introduced circular defects is subjected to dynamic tensile loading using a modified Kolsky tension bar. A high-speed X-ray phase contrast imaging method is integrated with the Kolsky bar setup to record the crack initiation from the defects and subsequent propagation in the material in real time during the tensile loading. The tensile loading was applied either in longitudinal (0 to fibers) or transverse (90 to fibers) direction of the specimens. Shear failure of the matrix and axial splitting along the loading/fiber direction were observed in longitudinal specimens to initiate from the edge of the artificial circular defects. Debonding of fiber and matrix was observed in transverse specimens, which initiated from the top and bottom edge of the hole. The dynamic tensile loading history during the crack propagation was recorded using a piezoelectric load cell and synchronized with the observed damage and failure processes.
Introduction
Carbon fiber reinforced plastics (CFRP) are widely used as structural materials in aerospace industry due to their superior properties such as light weight, high strength, and heat resistance. These applications of CFRP materials inevitably have holes for bolt joints, causing stress concentrations near the holes and discontinuities. Early research shows that composites are sensitive to these stress concentrations. 1 These stress concentrations cause significant reduction in the mechanical performance of such composite materials. 2 To ensure the structural integrity, it is important to understand the fracture mechanisms of CFRP materials with stress concentrations, especially the crack initiation and propagation, together with the critical loads when these failing phenomena occur.
In the past three decades, many experimental and numerical studies focusing on damage initiation and propagation at ply or sub-ply scales have been reported with the aim of understanding the individual damage mechanisms. Harris et al. 3 investigated the fracture behavior of notched graphite-epoxy laminates and contrasted the fracture toughness between thin and thick laminates. Kortschot et al. 4 conducted quasi-static experiments on thin notched graphite-epoxy laminates and revealed a relationship between damage growth and strength with different notch sizes and layups. Both groups of researchers used X-ray radiographs to reveal the damage zones inside the specimens.
The application of modern experimental techniques has enabled more detailed investigations on the damage plies led to most of the strain redistribution at the hole edge. The paths of the fiber failure in the 0 ply were from points slightly to both sides of the centerline at the top/bottom of the hole. However, the exact initiation location was not clear. Hallett et al. 6 used a digital camera to capture the in situ damage growth in a notched glass-epoxy laminate under quasi-static tensile loading to assess the effects of specimen size on failure modes and strength. Pierron et al. 7, 8 introduced an imaging method of the full-field strain measurement for damage assessment in openhole composites. Later, O'Higgins et al. 9 showed the damage progression images taken at the sample surfaces at various load levels on open-hole CFRP laminate specimens.
Although the aforementioned research provided important insights into the damage of composite materials, the experiments were limited to the quasi-static strain rates. In practical applications of CFRP, the materials are subjected to high rate loading such as bird strike on aircraft structures, the material response to dynamic loading is thus of significant interest. Previously, the dynamic compressive, tensile, and inplane shear behavior of composites has been studied using the Kolsky bar (also known as the splitHopkinson pressure bar or SHPB). [10] [11] [12] [13] [14] [15] [16] The moduli and strength of the CFRP materials were observed to be insensitive to changing strain rates in tension. However, significant rate effects were found in compression. Despite of the previous research efforts, the crack initiation and propagation behavior in open-hole composite structures at high strain rates is still not understood completely. This is partially due to the experimental challenges in imaging methods to capture the in situ damage progression under dynamic loading with sufficient temporal and spatial resolutions.
Recently, Hudspeth et al. 17, 18 reported an experimental technique by synchronizing the Kolsky bar setup with high-speed synchrotron X-ray imaging capabilities. The damage history during a dynamic experiment was monitored in real time via X-ray phase contrast imaging (PCI). Parab et al. 19 utilized this technique to observe the crack propagation in glass specimens and confirmed the experimental feasibility for in situ damage assessment of opaque materials under dynamic loading.
In this paper, a single-ply unidirectional CFRP specimen with a circular hole cut through the thickness is subject to a dynamic tensile loading by using a modified Kolsky tension bar. The material deformation and crack initiation/propagation are captured by the X-ray PCI method and recorded using a high-speed camera in real time.
Experimental methods

Materials and specimen
The material used in this study was a single-ply unidirectional carbon-epoxy composite IM7/8552 (Hexcel, Stamford, CT). The prepreg material was hand laid-up and cured at 110 C for 1 h and then 177 C for 2 h with 0.55 MPa pressure in an autoclave. After the material was cured, it was cut into small specimens using a femtosecond laser cutting machine from Laser-assisted Materials Processing Laboratory in School of Mechanical Engineering at Purdue University. The duration and intensity of the laser pulses were controlled so that overheating was minimized. The overheating damage was not observed in all specimens under microscope at 10Â magnification. The material was cut into longitudinal (0 ) and transverse (90 ) specimens, respectively. The thickness of the material was measured as 0.12 mm. A circular hole is cut in the center of each specimen with the diameters of 0.5 mm, 0.4 mm, 0.3 mm, 0.15 mm, or 0.08 mm. Other specimen dimensions are shown in Figure 1 . The material properties are presented in Table 1 , 20 as provided by the manufacturer.
Modified Kolsky tension bar and high-speed X-ray phase contrast imaging
The dynamic experiments with X-ray PCI were performed at the Advance Photon Source (APS) beam line 32-ID-B in Argonne National Laboratory, Argonne, IL, USA. A Kolsky bar integrated with Figure 2 . This method was discussed in more detail in Hudspeth et al., 17 Chen et al., 18 and Parab et al. 19 When an experiment is started, a manual start signal is sent to the launcher, which is not visible in Figure 2 . The compressed air is released and pushes the striker to impact the flange of the incident bar (Figure 2) . A stress pulse is generated due to the impact and propagates along the incident bar from the flange towards the sample as a tensile stress pulse. As the pulse reaches the location of the strain gages, it is recorded by the oscilloscope. Detection of the stress pulse is also used to trigger the high-speed camera. When the stress pulse reaches the bar end, the specimen is loaded at a constant speed of 3.0 AE 0.2 m/s. Appropriate time delays need to be calibrated prior to the experiments to synchronize the camera with the start of the loading and passing of the X-rays through the specimens. A pair of grips with file inserts are used to grip the specimen securely. The detailed introduction about the gripping method is available in Nie et al. 21 The deformation and damage history is captured by a scintillator-camera system while the force response is recorded by a piezoelectric load cell (Kistler 9712B500).
Experimental results
High-speed images of longitudinal tension
The dynamic damaging process in a longitudinal singleply unidirectional CFRP material with circular defects is investigated under dynamic tension. Figure 3 shows an experimental record captured by the oscilloscope. The vertical straight line at the time of $1.3 ms indicates the start point of the image sequence. From this point, the camera captures 256 frames with 2 MHz frame rate and 200 ns exposure time. Figure 4 shows the force history and the corresponding image sequence from the same experiment. It can be observed from Figure 4 (c) that the cracks initiate near the top and bottom of the 0.3 mm diameter circular hole, as indicated by the arrows. The remote tensile stress 1 in the loading direction is calculated from the force data and plotted in Figure 4(a) .
In Figure 4 , the frames are chosen to represent the complete deformation and fracture sequence including the points when the loading starts, when the crack initiates and propagates, when the remote stress is at maximum and when the stress decreases to zero.
The longitudinal CFRP specimen exhibits straight cracking pattern from both top and bottom of the hole. The first small crack is observed in 45 at the lower edge of the hole but off-centered. A horizontal crack can also be observed just initiating from the top zone of the hole (t ¼ 45 ms). The 45 small crack does not propagate over time during loading but more cracks of this kind appear at the top and bottom edges of the hole. The horizontal crack propagates to both side of the grips within 3 ms. Furthermore, another crack initiates at the bottom zone of the hole (t ¼ 48 ms). At t ¼ 51 ms, the lower crack propagates to both sides and more 45 cracks appear around the hole. At t ¼ 56 ms, the force response reaches its maximum. The entire specimen breaks into two major pieces. The part that is below and on the left side of the hole moves with the left grip and the rest of the specimen stays with the right stationary grip.
The experiments on longitudinal specimens were repeated 3 to 5 times with each hole diameter. Figure 5 shows the crack initiation in the specimens with all five hole sizes. The axial splitting and 45 cracking can be observed to initiate at the edges of the holes in all specimens. Although the maximum stresses show an increasing trend with smaller holes (Table 2) , the failure modes of all specimens are observed to be the same.
High-speed images of transverse tension
An example of stress history and image sequence of a typical dynamic transverse tension experiment of CFRP with a circular defect is presented in Figure 6 . The circular defect presented in the figure is 0.3 mm in diameter. Due to the fast propagation of the cracks in transverse direction, the images were taken at 5 MHz frame rate and 100 ns exposure time in order to capture the crack initiation. When the loading started, the material can be seen deformed slowly. At t ¼ 46 ms, the first crack is initiated from the lower edge of the hole and the crack tip is marked with an arrow. This crack propagates vertically to the edge of the specimen in 0.2 ms (t ¼ 46.2 ms). Then another crack is observed to initiate at the opposite edge of the hole on the top and propagates to the upper edge of the specimen, resulting in the complete separate of the specimen. Unlike the longitudinal specimens where the load keeps rising after the crack initiates, a sharp load drop is associated with crack initiation for the transverse specimen. The experiments were repeated 3 to 5 times for each condition shown in Table 2 . As shown in Figure 7 , the crack initiation is either at upper or lower edge of the hole for specimens with 0.15-0.5 mm diameter holes. The failure modes maintain the same for all specimens except the 0.08 mm group. For the specimens with 0.08 mm diameter hole, the crack was found to always initiate from the upper or lower edge of the specimen away from the hole and then propagating vertically to the other edge.
Failure stress
The force was recorded by a piezoelectric load cell during each experiment and can be further calculated as stress. Due to the difference in the sizes of the holes, the remote stress 1 of the material are calculated and compared by taking the specimen cross-sectional area regardless of the holes. The maximum remote stress values when the specimens eventually fail are summarized in Table 2 . In both directions, the stresses have an increasing trend with the presence of smaller open holes. The strength of the material is approximately twenty times higher in longitudinal direction than in transverse direction.
Discussion
The experimental results show that the fracture of the specimens was primarily driven by the matrix cracking between the fibers. In the longitudinal tension, the angular cracking near the hole can be explained by the shear failure of the matrix or the interface, which has been reported as the critical fracture mode for the composites. 22 To examine the specimen surface in more detail, a scanning electron microscopy (SEM) micrograph focusing on the lower right edge of the hole is presented in Figure 8 . The fiber-matrix interface shows that fibers are pulled out from the matrix and no fiber fracture is observed. The 45 crack is indeed the shear failure of the matrix, which is in good agreement with the published results. 22 The axial splitting in 0 direction, which is the horizontal crack shown in Figure 4 , is expected to take place before the tensile stress reaches its peak because this axial splitting redistributes the stress concentration and results in a delay in the final failure. 8 After this axial splitting, the part of the material on both left and right side of the hole is completely separated from the rest of the specimen and takes no more load. The material eventually fails when the fibers are completely broken, resulting in the maximum remote stress, shown in the second column of Table 3 . An increase of this remote stress is observed with decreasing hole diameter, which is in agreement of the widely studied ''hole size effect''. Regardless of the hole, it will also be meaningful to calculate the stress based on the net cross-sectional area of the specimen, which is only the area of the upper and lower parts that still remains connected between the two grips. Given in the third column of Table 3 , these net section stress values for each hole diameter are in good agreement despite the experimental error. This indicates that the presence of the circular defects only affects the net cross-sectional area and the ultimate longitudinal tensile strength depends on the amount of material with fibers remaining connected.
In transverse tension, the failure modes observed indicate that the material fracture is also caused by the failure of the matrix. Vertical axial splitting is observed in all the experiments. The load drops when the crack initiates and the entire specimen fails in less than 1 ms. Therefore, the remote stress at which the crack initiates can be determined by taking the peak value. The data in Table 2 show that there is a size effect of the circular defect on the transverse tensile strength of the material. For the specimens with 0.08 mm open holes, the axial splitting is away from the hole. One of the possible reasons is that the material may contain other defects caused by fabrication and gripping so that the hole is not big enough to cause significant stress concentration for initiating the crack. Since the 0.08 mm hole is not significant, this experimental condition can be compared with the simple transverse tension without stress concentration. The ultimate tensile strength in transverse direction under quasi-static loading rate is available as 64 MPa, 20 which is slightly lower than the value measured in this work.
Conclusions
The dynamic fracture behavior of a single-ply unidirectional CFRP with a circular defect was visualized in real time using a high-speed X-ray phase contrast imaging method. A modified Kolsky tension bar was utilized to apply a dynamic tensile loading to both longitudinal and transverse specimens. For longitudinal materials, axial splitting was observed from both top and bottom of the hole and propagating to both sides of the specimen along the fiber and loading direction. Some shear cracks at 45 to the horizontal were also observed at the edge of the hole. For transverse specimens, the material fracture was also caused by axial splitting of the matrix. In both cases, the remote stress of the specimen was calculated and related to the image sequence. The material is significantly stronger in longitudinal direction and the strength of the material was found increasing with the reduction of the hole diameter. These experiments provide insight to the dynamic damage assessment of carbon-epoxy composite materials. 
